Abstract The small heat shock proteins (sHSPs) are a diverse family of molecular chaperones. It is well established that these proteins are crucial components of the plant heat shock response. They also have important roles in other stress responses and in normal development. We have conducted a comparative sequence analysis of the sHSPs in three complete angiosperms genomes: Arabidopsis thaliana, Populus trichocarpa, and Oryza sativa. Our phylogenetic analysis has identified four additional plant sHSP subfamilies and thus has increased the number of plant sHSP subfamilies from 7 to 11. We have also identified a number of novel sHSP genes in each genome that lack close homologs in other genomes. Using publicly available gene expression data and predicted secondary structures, we have determined that the sHSPs in plants are far more diverse in sequence, expression profile, and in structure than had been previously known. Some of the newly identified subfamilies are not stress regulated, may not posses the highly conserved large oligomer structure, and may not even function as molecular chaperones. We found no consistent evolutionary patterns across the three species studied. For example, gene conversion was found among the sHSPs in O. sativa but not in A. thaliana or P. trichocarpa. Among the three species, P. trichocarpa had the most sHSPs. This was due to an expansion of the cytosolic I sHSPs that was not seen in the other two species. Our analysis indicates that the sHSPs are a dynamic protein family in angiosperms with unexpected levels of diversity.
Introduction
The small heat shock proteins (sHSPs) are a ubiquitous family of proteins found in all domains of life (Caspers et al. 1995; de Jong et al. 1998; Fu et al. 2006) . Numerous studies have shown that the sHSPs, like most other HSPs, are molecular chaperones (Narberhaus 2002; van Montfort et al. 2002; Wang et al. 2004; Sun and MacRae 2005; Nakamoto and Vigh 2007) . Small HSPs can bind to denatured proteins and thereby prevent their irreversible aggregation (Lee et al. 1995; Lee et al. 1997; van Montfort et al. 2002; Nakamoto and Vigh 2007) . By binding to these denatured proteins, the sHSPs can create a reservoir of proteins that can be refolded by other parts of the chaperone system (Lee and Vierling 2000; Haslbeck et al. 2005) . The importance of the sHSPs is illustrated by the finding that homologs of sHSPs have been found in almost all organismal genomes even in highly reduced genomes that have lost numerous other genes (Gil et al. 2002 (Gil et al. , 2003 Waters et al. 2003) .
Most heat shock protein families (i.e., the HSP60s, HSP70s, HSP90s, and HSP100s) are highly conserved across great organismal distances; in fact, some of these families are among the most highly conserved protein families known (Boorstein et al. 1994; Gupta 1995; Stechmann and Cavalier-Smith 2003) . In contrast, the amino acid sequences of the sHSPs are highly variable (Caspers et al. 1995; Waters 1995; de Jong et al. 1998 ). However, there are a number of conserved sHSP features. First, although these proteins get their name from the size of the monomers (usually less than 30 kDa), they function as large oligomers with 12-24 subunits (van Montfort et al. 2002) . Second, all sHSPs share the conserved α-crystallin domain of approximately 100 residues (Caspers et al. 1995; de Jong et al. 1998; Fu et al. 2006) . Third, the sHSPs share a compact β-sheet sandwich structure. These sheets can dimerize forming the building block of the large oligomers. Much of our knowledge of the sHSP structure is based on analysis of the crystal structures of two sHSPs: one from wheat Triticum aestivum HSP16.9 (a dodecamer; van Montfort et al. 2001 ) and the other from the archaeabacterium Methanococcus jannaschii, HSP 16.5 (a 24-mer; Kim et al. 1998) . Comparisons of these structures find that even most secondary structural features are conserved (van Montfort et al. 2002) . This is despite the fact that these proteins share less than 25% amino acid sequence identity. From this analysis, we can then assume that despite large levels of sequence diversity among the sHSPs, structural features are most likely conserved within this diverse and important family.
The sHSPs are part of both the plant stress response and normal development (Waters et al. 1996; Wang et al. 2004; Sun and MacRae 2005) . Most of the sHSPs are highly upregulated during heat stress. This upregulation of the sHSPs can confer organismal thermal tolerance by protecting other proteins from irreversible denaturation. The sHSPs also play a role in plant responses to other stresses. At least some of the plant sHSPs are expressed in response to heavy metals, drought, UV, salinity, cold, osmotic, and oxidative stress. In addition, some plant sHSPs are a part of normal development during embryogenesis, seed germination, pollen development, and fruit maturation (Waters et al. 1996; Wang et al. 2004; Sun and MacRae 2005) .
Gene duplication has been important in generating functional diversity within the sHSP family (Caspers et al. 1995; de Jong et al. 1998; Waters et al. 2003; Franck et al. 2004) . For example, the sHSP family includes the α-crystallin proteins of the vertebrate eye lens. However, by far, one of the most interesting aspects of the functional diversity and evolution of the entire sHSP superfamily is the abundance, diversity, and importance of sHSPs in plants (Vierling 1991; Waters 1995; Waters et al. 1996; Waters 2003) . In plants, in contrast to other organisms, the most abundant proteins during heat shock are the sHSPs (Vierling 1991) . In addition, as well as being highly abundant, the plant sHSPs are also highly diverse in sequence and in cellular location.
There are at least seven different plant sHSP subfamilies (Waters 1995; Scharf et al. 2001; Siddique et al. 2003; Ma et al. 2006) . A minimum of three plant sHSP subfamilies localize to the cytosol. In addition, there are subfamilies that localize to the chloroplast (CP), mitochondria (MT), endoplasmic reticulum (ER), and peroxisome (PX), respectively. The exact timing of the origin of the plant sHSP subfamilies is not yet known. However, at least some subfamilies originated very early in land plant evolution as two of the cytosolic subfamilies and the CP subfamily have been identified in bryophytes (Waters and Vierling 1999a; Waters and Vierling 1999b) . It is interesting to note that none of the organelle-localized plant sHSP subfamilies have homologs in animals, fungi, or even in green algae (Waters and Vierling 1999a; Waters and Rioflorido 2007) . There is still much to be learned about how and when the plant sHSP subfamilies evolved.
Previous analysis of the complete Arabidopsis thaliana genome revealed that this species has 19 sHSP genes (Scharf et al. 2001) . Some of these sHSPs had not been identified previously despite extensive studies by a number of researchers of the A. thaliana heat shock response. The results of this genome analysis raised a number of important unanswered questions: How many of the previously unknown sHSPs are also present in other plants? Do these newly identified sHSPs have expression patterns that are highly distinct from the well-characterized heat-inducible sHSPs? In addition, what evolutionary forces are acting on the sHSPs? Further, are there sHSP-specific evolutionary patterns that are seen across species, or do genome-specific processes dominate sHSP evolution? Now that two additional complete flowering plant genomes are available, the genomes of Oryza sativa or rice (Goff et al. 2002; Yu et al. 2002) , a member of the grass family, and Populus trichocarpa ), a member of the Salicaeae family, these and additional questions can be addressed.
To answer these questions, we performed a comparative analysis of the sHSP sequences in A. thaliana, O. sativa, and P. trichocarpa. We found that in contrast to the 19 sHSPs in A. thaliana, O. sativa has 23 sHSPs, and P. trichocarpa has 36. Phylogenetic analysis of all of these sHSPs allowed us to identify new plant sHSP subfamilies and novel sHSPs within each genome. In addition, we have determined that the evolutionary forces acting on this protein family varies across genomes. Among the sHSPs, gene conversion is absent in A. thaliana and in P. trichocarpa and much more common in O. sativa. This analysis finds that the sHSPs are a dynamic protein family and that despite the long evolutionary histories of many sHSP subfamilies, this family is continuing to expand within different angiosperm lineages.
Materials and methods

Gene and protein identification
The programs Blastp, Blastn, and TBlastn were used at each of the individual genome websites for A. thaliana (http://www. arabidopsis.org/Blast/), O. sativa (http://tigrblast.tigr.org), and P. trichocarpa (http://genome.jgi-psf.org/Poptr1_1/ Poptr1_1.home.htmland) at National Center for Biotechnology Information. All sequences with at least an e value of less than 10 −4 were downloaded and examined further. Gene models were confirmed by comparisons to available EST sequences. The chromosomal location and orientation were noted for each gene. Genes present in the duplicated region of each genome (Vision et al. 2000; Blanc et al. 2003; Blanc and Wolfe 2004; Wang et al. 2006) were identified using The Institute for Genomic Research and Plant Genome Duplication databases. The sHSP sequences identified were analyzed using a variety of sequence analysis tools. The corresponding amino acid sequences were generated from each deoxyribonucleic acid (DNA) gene sequence using Vector NTI (v.7). Protein size in kilodaltons was calculated with Vector NTI (v.7). Amino acid sequence alignments were then generated with ClustalW and optimized by hand with BioEdit (v.7.0.5). The amino acid alignments were used to align the DNA sequences using the program protal2dna (http://bioweb.pasteur.fr/seqanal/interfaces/protal2dna. html). The complete amino acid alignment sHSPs can be found in the supplementary materials ( Supplementary  Fig. 1 ).
Cellular location and protein secondary structure All the sHSPs are nuclear encoded, and many are located in subcellular locations. To gain a better understanding of the possible cellular locations of the sHSPs identified here, we performed cellular location predictions using the following programs: PSORT (http://psort.nibb.ac.jp/form.html), Predotar (http://genoplanteinfo.infobiogen.fr/predotar/), and TargetP (http://www.cbs.dtu.dk/services/TargetP/). In cases where experimentally determined locations were known for some subfamily members, they agreed with our predicted locations (for example: cytosolic III, Siddique et al. 2003; peroxisome, Ma et al. 2006; MT, Lenne and Douce 1994; CP, Vierling et al. 1988) .
The secondary structure of HSP16 from T. aestivum was obtained from the protein sequence database (1GME) and was compared to secondary structure predictions of the proteins identified here generated using the Predict Protein server (http://www.embl-heidelberg.de/predictprotein/predictprotein. html).
Phylogenetic analysis
To gain an understanding of how the sHSPs are related to each other, we generated phylogenetic trees using two different tree construction methods: neighbor-joining (NJ) with MEGA v. 3.1 (Kumar et al. 2004) and Bayesian with MrBayes v. 3.1 (Ronquist and Huelsenbeck 2003) . We used both the DNA and amino acid sequences to estimate the phylogenetic relationships. Our alignments included only the highly conserved C-terminal domain (residues 170-300 in Supplementary Fig. 1 ). We performed phylogenetic analysis on the amino acid alignment and corresponding DNA alignment. Using the Bayesian method, we performed a combined analysis that included both the DNA and amino acid alignments. The tree topologies generated with each method and data type were highly congruent. Distance matrices were based on the Jones-Taylor-Thornton substitution matrix for the amino acid data and the Kimura 2 parameter for the DNA data. These analyses were performed in Mega v. 3.1 (Kumar et al. 2004) . Pairwise deletions were excluded, and a gamma parameter was used to allow for variation across the sites. Estimates of support for the branches were generated from 1,000 bootstrap replicates. In the Bayesian analysis, four simultaneous chains of eight million generations each were run with trees saved every 100 generations. For the amino acid analysis, an initial analysis using the mixed model of amino acid evolution was used. This analysis determined that the WAG model was the best model for this data set, and this model was used in subsequent runs of MrBayes. The final analysis was stopped after the standard deviation of the split frequencies between the four independent tree searches was below the critical value of 0.001 (Ronquist et al. 2006) . Trees from the first 4 million generations were discarded as burnin. The term "burnin" is defined by Ronquist and Huelsenbeck (2003) as those generations before convergence of the chains. By discarding the trees from these early generations, we keep only those trees generated after convergence of the chains. The remaining trees were used to generate the consensus tree and the posterior probabilities assigned to each branch. For the DNA analysis, we used MrModel Test (Posada and Buckley 2004) to choose the best model of DNA evolution. We then used the GTR+ gamma model for each codon position in the DNA analysis. For the combined analysis, the same models were used, but the tree was estimated using both amino acid and DNA data.
Sequence evolution and gene conversion
Estimates of nonsynonymous (Ka) and synonymous substitutions (Ks) were generated using the program MEGA v. 3.1 (Kumar et al. 2004 ) using the Kumar method. Our analysis of synonymous and nonsynonymous substitutions is based on the cytosolic I genes ( Supplementary Figs. 2, 3 , and 4). These genes are the most numerous in each genome, and in most cases, Ks has not yet become saturated. In comparisons within the same genome across subfamilies, almost all Ks values cannot be reliably estimated because they are so high. We detected gene conversion tracts using the program GENECONV v. 1.18 (Sawyer 1999) . Alignments of sHSPs genes for each genome were generated and organized by chromosome, predicted subfamily, and levels of DNA sequence identity. Each of these alignments was analyzed separately with GENECOV. Following the recommendations of Sawyer and previous studies of gene conversion (Drouin 2002 Tables 1, 2 , and 3. One of the most notable findings is the large expansion of the cytosolic I sHSPs in the P. trichocarpa genomes with 18 genes compared to 6 in A. thaliana and 7 in O. sativa.
The sHSP genes in A. thaliana are found dispersed on all five chromosomes (Table 1) . Chromosome 3 has only one sHSP gene: At17.4C I. Chromosome 2 has two (At17.6BI a Intron position in based on the complete amino acid alignment of sHSPs found in Supplementary Fig. 1 . b NA indicates that the protein is not a member of any of the subfamilies and is currently considered an "orphan" sHSP.
and At18.5). Chromosomes 1 and 4 both have four genes each (see Table 1 ), and chromosome 5 has seven sHSP genes. Only one pair of genes (At17.6II and At17.7II) is found in a tandem repeat. There are three pairs of A. thaliana sHSP genes located in regions previously identified as being the product of segmental duplications: (1) At23.5 M and At 23.6M, (2) At17.4I and At18.1I, and (3) At17.8I and 17.6BI. In P. trichocarpa, the sHSP genes are found on at least 8 of the 19 chromosomes (Table 2) . At this time, there are some sequencing scaffolds that have not yet been mapped to chromosomes. There are six sHSP genes on scaffold 66. Chromosome IX has seven sHSP genes, but of these, only two (Pt17.6BI and Pt17.8AI) are located near each other.
Only one pair of sHSP genes is found in a tandem duplication: Pt17.5AI and Pt17.5BI on chromosome 9. The other cytosolic I genes are found dispersed on five chromosomes and one scaffold. There are four cytosolic I genes on chromosome IX, but only two are located near each other (Pt17.6BI and Pt17.8AI); they are separated by 3 kb. In addition, there are three pairs of genes found in duplicated regions within the P. trichocarpa genome: (1) Pt17.6AI and Pt17.4AI, (2) Pt18.5AI and Pt18.3AI, and (3) Pt20.8V and 24.9V.
The sHSP genes in O. sativa were found on 9 of the 12 chromosomes (Table 3 ). There are groups of sHSP genes on both chromosomes 1 (six sHSP genes) and 3 (five sHSP genes). Chromosome 2 also has six sHSP genes but none of Supplementary Fig. 1 . b NA indicates that the protein is not a member of any of the subfamilies and is currently considered an "orphan" sHSP.
these are located near each other. Only one pair of O. sativa sHSPs was found in segmentally duplicated regions Os22 M and Os22.4 M.
Phylogenetic analysis identified new sHSP subfamilies
The previously identified sHSP subfamilies (cytosolic I, II, III, ER, PX, CP, and MT) can be easily identified in the phylogenetic tree of the sHSPs (Fig. 1) . Each of these subfamilies contains A. thaliana, P. trichocarpa, and O. sativa sHSPs proteins indicating that the origin of these subfamilies at a minimum predates the divergence of the common ancestor of these three species. The individual subfamilies are well supported by bootstrap and posterior probabilities. However, there is little support for the branches that unite the different subfamilies, and thus the relationships of individual subfamilies to each other are not clear. However, in this analysis, as seen in previous analysis, the MT and CP subfamilies are closely related to each other. In addition, from the phylogenetic tree ( Fig. 1) , it is clear that the cytosolic II and III subfamilies are more closely related to each other than they are to the cytosolic I subfamily. The phylogenetic relationships within the cytosolic I subfamily deserves particular attention. The cytosolic I genes in both A. thaliana and O. sativa form two closely related groups (Fig. 1) . In P. trichocarpa, there are three groups of cytosolic I genes. The phylogenetic groups in O. sativa reflect chromosomal location (all the Os16.9s are on chromosome 1, and the Os17.4s are on chromosome 3). In contrast, in both A. thaliana and P. trichocarpa, there is no correlation between chromosomal location and phylogenetic relationship among the cytosolic I genes.
In this analysis, we have identified four new plant sHSP subfamilies (cytosolic IV, V, VI, and MT-II). Two of these plant subfamilies (Cytosolic IV and V) have homologs in all three species examined. Cytosolic IV is composed of At15.4, Os18.8, and Pt15.6IV, and cytosolic V is composed of At21.7, Os22.2, Pt24.9V, and Pt20.8V. These proteins are predicted to localize to the cytosol and lack any recognizable organelle-targeting sequence. The two subfamilies have homologs in A. thaliana and P. trichocarpa but none in O. sativa (cytosolic VI and MT-II). Cytosolic VI includes At 18.5 and Pt16.9VI. The MT-II subfamily includes At26.5 and Pt21.1.
Analysis of sequence alignments of these new subfamilies reveals some interesting patterns of sequence conservation (Fig. 2) . It is clear from the alignment of all the sHSPs that they do not share high levels amino acid identity within or between subfamilies ( Supplementary Fig. 1 ). However, there are a number of secondary structural a Intron position in based on the complete amino acid alignment of sHSPs found in Supplementary Fig. 1 . b NA indicates that the protein is not a member of any of the subfamilies and is currently considered an "orphan" sHSP.
features that are conserved across subfamilies (Fig. 2) . The structural features β3, β4, β5, β8, and β9 are the most highly conserved. It is important to note that both the cytosolic IV and VI families lack the β6 strand. The "GVL" sequence motif in β9 that is conserved across sHSPs from archaea to bacteria to eukaryotes is not present in any of the cytosolic V subfamily members and is also absent in At18.5VI (Fig. 2) . However, the corresponding secondary structure β9 is conserved in these proteins. Finally, the cytosolic V family is missing the β10 strand (Fig. 2) . Of particular interest are the "orphan" sHSPs because they may represent recent duplicates that are evolving new Fig. 1 Phylogenetic tree of sHSP amino acid sequences. Only the residues and corresponding DNA sequence for the more conserved Cterminal domain (170-300 in Supplementary Fig. 1 functions. We define an orphan protein as one that does not have a close homolog in the other genomes and does not belong to any subfamily. In the phylogenetic tree, some of these orphan genes appear to have close homologs; however, these relationships are not consistent across tree construction methods and are never highly supported. There is one orphan in A. thaliana: At14. This protein lacks an Nterminal domain. It does not have an organelle-targeting sequence and is predicted to localize to the cytosol. This is somewhat surprising because it appears to be closely related to the CP and MT sHSPs (Fig. 1) . P. trichocarpa has four orphan sHSPs: Pt17.5, Pt22.1, Pt20.4, and Pt24.0MT. One of these sHSPs, Pt20.3, is predicted to be targeted to the vacuole. The predicted locations of two other P. trichocarpa orphan genes (Pt20.4 and Pt22.1) are equivocal with both CP and MT localizations possible. The
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α1 α 2 α 3 β 2 β 3 (Tables 1, 2 , and 3). However, when present, many of the intron positions are shared by subfamilies or groups of subfamilies. The cytosolic IV and V subfamilies share a unique intron position, suggesting a close phylogenetic relationship. In addition, most of the CP and MT sHSPs share an intron. This is consistent with the close relationships seen in the tree (Fig. 1) . However, the MT-II subfamily (At26.5 and Pt21.1) that is within the larger CP/MT family does not share this intron but instead has an intron in a different position. It is noteworthy that there are two CP sHSPs in the P. trichocarpa genome. Both posses the conserved B intron position, but Pt23.1 has another unique intron. Pt23.1 also lacks the highly conserved methionine-rich region found in all other known angiosperm sHSPs (Waters 2003) . The cytosolic III subfamily has an intron that is not shared with any other sHSP gene. Two of the P. trichocarpa orphan sHSPs have introns. Both Pt20.4 and Pt22.1 share an intron position with the CP and MT subfamilies. Finally, the orphan At14.2 that has no close homolog in any other genome is a member of the larger CP/MT lineage and has an intron that is not shared with any of the other sHSPs.
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The presence of shared introns indicates close relationships among some subfamilies. However, intron position, presence, or absence does not shed light on the order of gene duplications that gave rise to this large family of proteins.
Gene conversion among sHSPs genes
Using the program GeneConv, we found no evidence of any statistically significant (at the 0.05 probability level) gene conversion events among the P. trichocarpa sHSP genes. In addition, no evidence for significant gene conversion was found between any of the A. thaliana sHSP genes, not even between the two cytosolic II genes (At17.6II and At17.7II) that are found in a tandem duplication. Upon close inspection of the DNA alignment, it was clear that the substitutions between At17.6II and At17.7II are evenly distributed across the genes (data not shown). The longest stretch of identical sequence was only 34 bp long. The nonsynonymous (Ka) substitution rate between these two genes is estimated to be 0.06 per site, and the Ks (or synonymous subs) is 0.452 per site. This high level of Ks and relatively low Ka were also found among the cytosolic I A. thaliana genes. This pattern of high Ks and lower Ka is also seen among the P. trichocarpa cytosolic I genes (Supplementary Table 1 ).
The chromosomal organization and rates of gene conversion are considerably different in O. sativa. Chromosomes 1 and 3 in O. sativa each have a number of sHSPs that are found in close proximity ( Table 2) . Evidence of gene conversion occurring among sHSP genes located on chromosomes 1 and chromosomes 3 is presented in Table 4 . No other gene conversion events were detected. On chromosome 1 of O. sativa, there is a tandem array of five sHSP genes (Os17.6A, Os16.93I, Os16.91I, Os16.9I, and Os16.92I). Analysis of possible gene conversion events B, C, and D) . Os26CP is also located on this chromosome, but it is at least 1 MB from the 17.4 cytosolic I genes. Despite the distance and presence of other genes between the cytosolic I genes, there is considerable evidence of gene conversion among all the cytosolic I Os17.4 genes ( Table 4) . Many of the predicted gene conversion tracts are at least 200 bp in length. It is important to note that it can be difficult to distinguish between recent duplications and continuing gene conversion. However, when the gene sequences for Os17.4 and Os17.4C are compared, it is clear that there are islands of complete sequence identity surrounded by regions of sequence divergence. This pattern is more consistent with gene conversion than it is with recent duplication or selection. Further, the presence of other genes in this region other than the cytosolic 17.4 genes argues against recent duplication. There was no evidence of any gene conversion across chromosomes or across subfamilies.
Gene expression of sHSP subfamilies in Arabidopsis thaliana
Based on the very large dataset of A. thaliana Affymetrix GeneChip experiments available at Genevestigator (Zimmermann et al. 2004) , there is a clear sHSP stressinduced expression pattern (see Table 5 ). This pattern is shared by all the previously identified sHSP subfamilies: cytosolic I, II and II, PX, ER, CP, and MT. These sHSP genes are all induced during heat stress. In most cases, there is a more than 100-fold increase in expression during heat shock when compared to control levels. However, some sHSP genes have even higher heat stress expression levels. For example, the gene for the CP-targeted sHSP At21 has a 400-fold increase in expression during heat shock. In addition to being expressed during high temperature stress, many of the sHSP genes are also highly induced in response to hypoxia, anoxia, osmotic stress, salt, and wounding. Further, none of the sHSP genes are upregulated by cold, drought, or genotoxic conditions (Table 5) .
There are considerable differences among the members of the conserved subfamilies in their developmental and tissue-specific expression levels. Some but not all sHSPs are expressed in dry seeds, in flowers, or flower parts 0 No measurable expression, + expression increase from two-to tenfold over control levels, ++ expression increase from 11-to 99-fold over control levels, +++ expression increase greater than 100-fold over control levels, An anoxia, Ht heat, Os osmotic, Ox oxidative, Sa salt, Wo wounding, Oz Ozone, A.b. Alternaria brassicola, A.t. Agrobacterium tumefaciens, B.c. Botrytis cinera, E.e. Erysiphe cichoracearum, M.p. Myzus persicae, Nm nematode, P.s. Pseudomonas syringae (Table 6 ). The genes with the highest expression in seeds are At17.4I and At17.7II (Table 6 ). At17.7II also has high expression in petals (as does the orphan gene At18.5; Table 6 ).
Newly identified sHSP subfamilies have distinct expression patterns
Notably, two of the newly identified plant subfamilies (Cytosolic IV and V) do not share the sHSP stress-induced expression pattern (Table 5 ). It is interesting that At21.7 (Cytosolic V) is constitutively expressed in all tissues examined and is not upregulated by heat or any other stress (Table 6 ). In fact, there were no conditions that dramatically increased the expression of this gene, but rather consistent levels were found in all tissues. This constitutive expression pattern is unusual for sHSPs. The A. thaliana member of the cytosolic IV subfamily, At15.4, is also expressed in many tissue types (Table 6 ). However, in contrast to At21.7, it is expressed in seeds and has very high expression levels in the cotyledon, petals, and adult leaves (Table 6 ). This gene is also not upregulated by any stress (Table 5 ). Our finding of seed expression based on the data available at the Genevestigator site is somewhat at odds with data presented in Kotak et al. (2007) that were based on data available at AtGenExpress. Kotak et al. (2007) reported that At15.4 is expressed only during early seed stages. The differences between our findings and that of Kotak et al. (2007) may reflect differences in the experimental data available at these two different sites, and differences in how seed stages are defined at these sites. Some sHSPs are induced by ABA exposure (Kotak et al. 2007 ) however in general we found little correlation between seed and ABA gene expression for the sHSPs (data not shown). For example, At18.5 is expressed in seeds but is not induced by ABA exposure. Two other newly identified subfamilies, cytosolic VI and MT II, have very different expression patterns (Tables 5 and  6 ). At26.5, a member of the MT-II subfamily, has a pattern of stress-induced expression that is nearly identical to that of the previously identified sHSP subfamilies. However, the cytosolic VI subfamily represented by At18.5 has only a very mild increase in expression during heat stress (7X). In fact, there are very few conditions or tissues that have high levels of At18.5 expression. It is notable that At18.5VI is also expressed in petals, dry seeds, and in sepals. The only A. thaliana orphan gene, At14.2, also has very unusual expression patterns (Tables 5 and 6 ). It is highly expressed in the shoot apex and has very low or no expression in most other growth stages and in stress treatments. The only other growth stage where there is some measurable expression is in the inflorescence.
Expression patterns of segmental or tandem duplications
In Arabidopsis, there are no differences in the responses of the sHSP genes from segmental duplications to abiotic stress, and there are only minor differences in their developmental regulation (Tables 5 and 6 ). Previous analysis of the rice cytosolic I genes indicates that there 
The symbol − no detectable expression, + expression at least two times above background, ++ expression at least ten times above background, +++ expression at least 100 times over background are some differences in gene expression patterns (Guan et al. 2004) . However, comparisons with the A. thaliana sHSP genes are limited because there is considerably less public microarray data for O. sativa and P. trichocarpa. The O. sativa gene expression data are also limited because of the small number of genes on the chip used in these experiments. The O. sativa array has only 9,000 genes, considerably less than the more than 20,000 genes represented on the A. thaliana chip. In fact, only five sHSP genes are on the Rice chip, and analysis of their gene expression patterns was conducted. Most have expression patterns consistent with their homologs in A. thaliana. While more P. trichocarpa sHSP genes are present on the poplar array, very few stress experiments are available in the public databases. Therefore, meaningful comparisons with the A. thaliana expression patterns are not possible now.
Discussion
Structural and functional features of newly identified sHSP subfamilies
A large number of studies have established that sHSPs form large oligomers and act as molecular chaperones (Narberhaus 2002; van Montfort et al. 2002; Nakamoto and Vigh 2007) . Recent studies on the roles of particular residues and sHSP regions in the ability to both form large oligomers and interact with substrate proteins have established important structure-function relationships. It is now known that a lack of the N-terminal domain can prevent oligomerization and can eliminate molecular chaperone function (van Montfort et al. 2002; Haslbeck et al. 2004; Giese et al. 2005; Basha et al. 2006) . Further, the β6 strand in the C-terminal domain has been associated with the ability to form oligomers (van Montfort et al. 2002) . In addition, the usually highly conserved "GVL" residues in the β9 strand have been associated with chaperone function (van Montfort et al. 2002; Nakamoto and Vigh 2007) . Given this information and the variation seen in the newly identified sHSP subfamilies and some of the orphan sHSPs, we can conclude that not all members of the plant sHSP family can form large oligomers or act as chaperones. Both the cytosolic IV and VI subfamilies lack the β6 strand important in oligomerization. This indicates that these proteins most likely do not share the conserved sHSP oligomer structure and may not share chaperone function. It is important to note that both the A. thaliana and P. trichocarpa members of the cytosolic IV subfamily lack the β6 strand but the rice protein Os18.8IV retains a predicted strand in this region. In this analysis, homologs of the cytosolic VI subfamily were only found in A. thaliana and P. trichocarpa. However, there is important variation between these homologs. At18.5VI lacks the important "GVL" residues. However, the corresponding predicted β9 strand is still present. Pt16.9VI retains both the "GVL" residues and the predicted β9 strand. Thus, there may be a variation in structure and function within these subfamilies. It is important to note that within Arabidopsis, members of both the IV and VI families (At15.4IV and At18.5VI) lack any stress-induced gene expression. They also have overlapping but distinct developmental gene expression patterns. These subfamilies do not appear to be evolutionary related to each other as they do not share an intron position and are not closely related to each other in the plant sHSP phylogenetic tree.
The cytosolic V subfamily also lacks the "GVL" residues, but it is predicted to retain the β9 strand. In addition, this subfamily has retained the β6 strand known to be important in oligomerization but lacks the β10 strand. Some of the residues in the β10 strand are known to be involved in the intermolecular contacts needed for oligomer function (Sun and MacRae 2005) , and so it is possible that the cytosolic V family may not form oligomers. Intron position would suggest a close relationship between cytosolic IV and V subfamilies. However, there is considerable sequence variation between these two subfamilies. In A. thaliana, both of these subfamilies lack any stressinduced expression, but the expression of At15.4IV varies across organs and tissues, while At21.7V is constitutively expressed. Taken together, this evidence clearly indicates that these subfamilies have divergent structures and functions and that further studies of these proteins are needed to understand their roles in plants. However, not all the newly identified sHSP subfamilies have diverged significantly from the other subfamilies. The MT-II subfamily that lacks a rice homolog retains all conserved secondary features, and the A. thaliana member, At26.5, has a stress-induced expression pattern.
It is very interesting to note that the A. thaliana orphan gene At14.2 lacks the N-terminal domain. Studies of C. elegans proteins, which also lack the N-terminal domain, show that these sHSPs do not form large oligomers and are not chaperones (Sun and MacRae 2005; Nakamoto and Vigh 2007) . There is no evidence that the plant and C. elegans sHSPs are closely related (Waters and Vierling 1999a; Waters and Rioflorido 2007) , and thus this lack of an N-terminal domain appears to be a convergent feature. A recent study in Synechocystis found that the N-terminal domain of sHSPs is essential for the ability to confer thermotolerance (Giese et al. 2005) . At14.2 is not heat regulated but is highly expressed in the shoot apex. Taken together, all of this evidence strongly suggests that At14.2 is not a molecular chaperone. The evolutionary origin of this protein is also intriguing; At14.2 is a member of the larger CP-MT family of proteins and is most likely derived from a MT or CP localized protein, but its lack of a targeting sequence would indicate that it is a cytosolic protein. None of the sHSP orphan genes in P. trichocarpa and O. sativa have such extreme sequence variation, and the lack of detailed expression data for these proteins limits our understanding of their function in plants. However, identification of these proteins is important because they may represent newly arisen proteins that are evolving new functional roles and expression patterns. Thus, further study of their evolution and function may help us understand how proteins evolve new functions.
Plant sHSP family evolution
Previous research has shown that at least some of the sHSP subfamilies have long evolutionary histories (Waters and Vierling 1999a,b; Waters and Rioflorido 2007) . The presence of the cytosolic I, II, and CP subfamilies in mosses indicate that these subfamilies originated at least 450 million years ago. The research presented here indicates that despite the long evolutionary history in plants of diverse sHSP subfamilies, new sHSP subfamilies and new sHSPs are continuing to arise and evolve new functions. In our analysis, we identified a major division between the CP/MT lineages of sHSPs and all the other sHSPs including all six cytosolic subfamilies, as well as the ER and peroxisome subfamilies. From this, we can conclude that the ER and peroxisome sHSPs evolved from the cytosolic sHSP homologs. However, there is little to no support for the branches uniting the different subfamilies, and at this time, it is not clear how they are related to each other. Based on intron position, we can conclude that the CP/MT proteins are all related and the cytosolic V and IV subfamilies are related. A better understanding of the origin of the 11 sHSP subfamilies will require considerable additional genome data from other angiosperm species as well as from plants representing seed and vascular plant lineages. The timing and mechanism of origin of the orphan sHSPs will require studies of homologs in close relatives of the species studied here. It is likely that analysis of complete genomes of other monocots may reduce the number of O. sativa orphan genes and may identify monocot-specific sHSP subfamilies.
It is then clear that the sHSPs are a dynamic protein family in plants and that comparisons of the evolutionary dynamics of the sHSPs in the three different angiosperm genomes may provide insights into gene family evolution. There are a number of models for gene family evolution; for a review, see Taylor and Raes (2004) . These models differ in the importance of positive selection to change amino acid sequences (neofunctionalization) and gene expression changes (subfunctionalization) in the generation of gene family diversity (Lynch and Force 2000; Taylor and Raes 2004; Force et al. 2005; Hughes 2005 ). In addition, considerable attention has been paid to the importance of genome duplication (polyploidy and chromosomal duplication) as a driving force in plant gene family evolution (Zhang et al. 2002; Blanc and Wolfe 2004; Harberer et al. 2004; Casneuf et al. 2006; Duarte et al. 2006 ). Because our study examined one gene family in three different complete genomes, it provides an excellent opportunity to consider if evidence exists to support any one of these models in all or some of these plant genomes.
We found no evidence for recent positive selection and abundant evidence of purifying selection among the sHSPs in all three genomes. However, the signal of positive selection might be difficult to detect if the period of positive selection was short-lived and was then followed by strong purifying selection. However, evidence of positive selection in the Dof (DNA-binding proteins) family of proteins among the same species has been reported (Yang et al. 2006) suggesting that if there had been extensive positive selection among the sHSPs within these species, we should have detected it.
We have also found little evidence for a dominant role for segmental duplication in generating sHSP diversity with few sHSPs found in regions generated by genome duplication. This is in contrast to the important role of segmental duplication in the evolution of other protein families in the same species including the expansin family of proteins (Sampedro et al. 2006) , the receptor-like kinases (Shiu et al. 2004) , and the Aux/IAA, ARF genes (Remington et al. 2004) .
It is also significant that we found no consistent evolutionary patterns among the sHSPs across genomes. For example, in each genome, the cytosolic I sHSPs are the most numerous, but the evolutionary forces that dominate this particular subfamily varies across genomes. The six A. thaliana cytosolic I sHSPs are found dispersed across the genome, and sequence similarity among these genes is maintained by strong purifying selection. In rice, the cytosolic I genes are found linked on two different chromosomes, and it is gene conversion that maintains sequence similarity. In P. trichocarpa, there has been an expansion of the cytosolic I genes, and there is also no evidence of gene conversion. As with A. thaliana, high synonymous and low nonsynonymous values suggest the action of purifying selection on the P. trichocarpa sHSPs.
The expansion of the cytosolic I genes in P. trichocarpa is interesting. It will be important to examine other angiosperm genomes as they become available to determine if the expansion of cytosolic I genes in P. trichocarpa is shared with related species or if it is species specific. It is unlikely that the expansion of the P. trichocarpa cytosolic I genes is due to genome-wide duplication events. First, there are only two pairs of P. trichocarpa cytosolic I genes present in duplicated regions of the genome, the same number seen in A. thaliana. In addition, a genome-wide event would have increased copy number of all the subfamilies equally. In order for the 18 cytosolic I genes to be due to past polyploidy events, we would have to propose preferential maintenance of only this subfamily. While it has been reported that cytosolic proteins are differentially maintained and that organelle-localized proteins are differentially lost after polyploidy (Blanc and Wolfe 2004) , the other cytosolic subfamilies (II, III, IV, and V) do not show any Populus-specific expansions. Most likely, the expansion of the cytosolic I sHSPs in P. trichocarpa was driven by local events or a number of single duplication events followed by strong selection to maintain the duplicate cytosolic I copies. It is known that gene families associated with cell wall synthesis, meristem development, disease resistance, and metabolite transport are over-represented in P. trichocarpa ). It will be important to determine if the cytosolic I genes are preferentially expressed in these tissues and/or under these conditions. Considerable future work on the expression and function of the cytosolic I genes in P. trichocarpa will be needed to understand the forces that generated and maintained the numerous cytosolic I genes in this genome.
Conclusions
Analysis of the sHSPs in three complete angiosperm genomes has identified four new plant sHSP subfamilies bringing the total number of sHSP subfamilies to 11. In addition, a number of orphan sHSP genes were also identified. These newly identified subfamilies and the orphan genes expand the previously known ranges for variation in plant sHSP sequence, structure, and expression. Evaluation of this data in light of past structural and functional studies of sHSPs indicates that there is also considerable functional variation among members of the plant sHSP family. Thus, these proteins are all related and share the α-crystallin domain but may vary in function. Members of the new subfamilies and the orphan genes should be the subjects of future detailed biochemical studies to determine exactly how their functions differ from established sHSP chaperone function. The evolutionary patterns of the sHSPs demonstrate that this is a dynamic family within flowering plants that continues to evolve and establish new members. For example, within P. trichocarpa, we see a selective expansion of the only the cytosolic I sHSP subfamily. It is interesting to note that we did not find a single pattern of sHSP evolution across all three genomes. We found that gene conversion among cytosolic I sHSPs is present in rice but absent in the other two genomes. In addition, we found no evidence for a significant role for positive selection or segmental evolution in generating the diverse sHSP subfamilies. In the future, examination of the sHSPs in additional angiosperm genomes, as they become available, and surveys of variation of sHSPs in species closely related to the species examined here should help provide a finer level of understanding of the evolution of this important and diverse protein family.
